Habitat loss is the greatest threat to biodiversity and rapid, human-forced climate change is likely to exacerbate this. Here we present the first global assessment of current and potential future impacts on biodiversity of a habitat loss and fragmentation-climate change (HLF-CC) interaction. A recent meta-analysis demonstrated that the negative impacts of habitat loss and fragmentation have been disproportionately severe in areas with high temperatures in the warmest month and declining rainfall, although impacts also varied across vegetation types. We compiled an integrated global database of past, current and future climate variables and past vegetation loss to identify ecoregions where (i) past climate change is most likely to have exacerbated the impacts of HLF, and (ii) forecasted climate change is most likely to exacerbate the impacts of HLF in the future. We found that recent climate change is likely (probability >66%) to have exacerbated the impacts of HLF in 120 (18.5%) ecoregions. Impacted ecoregions are disproportionately biodiverse, containing over half (54.1%) of all known terrestrial amphibian, bird, mammal, and reptile species. Forecasts from the RCP8.5 emissions scenario suggest that nearly half of ecoregions globally (n = 283, 43.5%) will become impacted during the 21st century. To minimize ongoing and future HLF-CC impacts on biodiversity, ecoregions where impacts are most likely must become priorities for proactive conservation actions that avoid loss of native vegetation (e.g., protected area establishment). Highly degraded ecoregions where impacts are most likely should be priorities for restoration and candidates for unconventional conservation actions (e.g. translocation of species). 
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Introduction
threat, HLF will continue to be a major pressure on species and ecosystem into the future (Newbold et al., 2015) . There are 23 several means by which rapid human-forced climate change may exacerbate or limit a species' ability to cope with HLF. For distance a species needs to travel to locate suitable habitat in the event of future disturbance or loss (Williams et al., 2007) .
27
Climate change is also expected to increase the frequency and intensity of extreme events, such as heat waves, which 28 may push populations already diminished by HLF over a tipping point as has been observed in some avian communities 
30
Habitat loss and fragmentation may also limit or prevent species' adaptive responses to climate change, again resulting 31 in more severe impacts. Species' adaptive responses to climate change are generally limited to three response mechanisms: 32 a shift in range, a behavioural or physical change, and altered phenology (temporal shift in activity) (Bellard et al., 2012).
33
Habitat loss and fragmentation may prevent or impair these responses. For example, habitat loss compromises a species' which provide species the opportunity to survive during unfavourable climate periods and locations from which to re-38 colonize when conditions become more suitable (Dobrowski, 2011; Scherrer and Körner, 2011) . Even when there are no 39 physical barriers to dispersal, a species' ability to navigate fragmented landscapes to seek out suitable areas may be lower 40 than in intact landscapes due to reluctance to traverse unsuitable land cover types, leaving suitable habitat unoccupied 41 because of a species failure to locate it (Opdam and Wascher, 2004) . Populations whose range has been extensively lost or 42 degraded may also lack the adaptive capacity (e.g. phenotypic plasticity or micro-evolution) to adapt to climate change 
45
While it is clear that there are numerous mechanisms by which climate change and habitat loss and fragmentation could 46 plausibly interact to magnify biodiversity impacts, few studies have documented HLF-CC impacts directly or examined how general or widespread they might be. Recently, however, Mantyka-Pringle et al. (2012) used a meta-analytic approach 48 to detect adverse biodiversity impacts attributable to an HLF-CC interaction. Using a global assessment of 168 published 49 data sets that examined the impacts of HLF on multiple taxa, they modelled the likelihood of observing a negative impact 50 on biodiversity (decline in density, richness, diversity or probability of occurrence) due to HLF as a function of current (1) have already impacted biodiversity, and (2) cause biodiversity impacts in the future as a result of future HLF and/or 1 climate changes. Understanding where HLF-CC interactions will most impact biodiversity is an important step towards 2 effectively allocating conservation resources aimed at preventing ongoing biodiversity loss. Our results indicate that HLF-CC impacts on biodiversity as a result of climatic change during the 20th century were likely 6 (probability > 66%) in 120 (18.5%) ecoregions, and very likely (>90% probability) in 12 (1.8%) ecoregions (Fig. 1) . A negative 7 impact was ''as likely as not'' (probability 33%-66%) in 475 (73.1%) ecoregions assessed, and unlikely (probability < 33%) Q3 8 in only 55 (8.5%) ecoregions. A weak, but significant, negative correlation was found between E modified and the probability 
Forecasted interaction risk

22
Median GCM forecasts based on the RCP 4.5 scenario suggested that the number of ecoregions where impacts are likely 
27
All forecasts suggested a substantial shift in the composition of vegetation types most likely to be impacted. Savanna,
28
wetlands, and to a lesser extent forests, became more vulnerable, while HLF-CC impacts were forecasted to be less likely in 29 rainforests, woodlands and shrublands (Fig. 3, Fig. S2 ). By 2055, median GCM forecasts indicated that savanna and wetland 30 ecoregions will account for all ecoregions where impacts are very likely (>90% probability) (Fig. 3) . The reduction in the 31 likelihood of HLF-CC impacts in woodlands was robust to choice of RCP and future assessment period, with all woodland 32 ecoregions classified as unlikely to experience impacts in both future time periods and in both RCP4.5 and RCP8.5 (Fig. 3) .
33
Assessing the temporal trajectory of ecoregion vulnerability shows that the total number of ecoregions that are currently 34 at-risk of HLF-CC impacts or will become at-risk (>66%) to HLF-CC impacts in future ranged from 153 (23.5%), using the 35 most optimistic emissions forecast, to 283 (43.5%) in the least optimistic emissions forecast (Fig. 4) . Impacted ecoregions 36 were more species rich than ecoregions globally in both the most and least optimistic scenarios (RCP 4.5: median richness of Variability in the number of at-risk ecoregions was primarily driven by variation in the number of ecoregions classified 40 as low-risk today that were forecasted to be at-risk in the future, which ranged from 33 (5.1%) ecoregions in the most 41 optimistic forecast to 163 (25.1%) in the least optimistic forecast (Fig. 4) . In contrast, we found little variation in the 42 number of ecoregions forecasted to be at-risk in both time periods or to transition from at-risk today to low-risk in the 43 future (Fig. 4) . Overlaying loss of native vegetation onto ecoregional transition states we find that the majority (60%) of 44 ecoregions identified as At-risk ! At-risk are relatively intact today, while ecoregions identified as either At-risk !
45
Low-risk or Low-risk ! At-risk were almost equally distributed between relatively intact and modified (Fig. 5) . Likelihood that observed climate change has exacerbated the impact of habitat loss and fragmentation on biodiversity at ecoregional scale based on (a) raw probability, and (b) confidence intervals following IPCC (2013). Probability of HLF-CC interactions was assessed as a function of five parameters using vegetation type-specific model average coefficients from Mantyka-Pringle et al. (2012) . Ecoregions in white were excluded from the assessment because they did not conform to the selected broad vegetation categories or because they were not sufficiently covered by climate data.
clearing of native vegetation (hotspots for probable past HLF-CC impacts and thus candidates for restoration management 1 actions) and those in which native vegetation remains largely intact (hotspots for potential future HLF-CC impacts if habitat 2 is degraded and thus candidates for protection management actions). Relative priorities within these groups can be refined 3 with respect to how biodiversity vulnerability to HLF-CC impacts is likely to change as a result of forecasted climate 4 change.
5
We identify 66 relatively intact ecoregions where climate change to date is likely to exacerbate biodiversity losses if 6 their intactness is compromised. By the end of the century, our models suggest that forecasted climate changes will result 7 in a ⇠50% increase in the number of ecoregions in this risk category to 92. These are ecoregions where the impact of 8 future HLF on biodiversity will be magnified by climate change. Ensuring the continued intactness of native vegetation 9 in these ecoregions should become a conservation priority. Increasing the protected area coverage is the most obvious 10 management strategy to limit HLF-CC impacts, as protected areas are often a good mechanism to maintain vegetation Other regional strategies include the introduction and acceptance of conservation-compatible development (Woinarski, Targeting conservation action to minimize HLF-CC impacts in ecoregions expected to transition between risk states 8 (At-risk ! Low-risk and Low-risk ! At-risk) is more nuanced. In At-risk ! Low-risk ecoregions climate forecasts indicate 9 the likelihood of HLF-CC impacts will decrease in the future. This suggests that clearing today will expose these ecoregions 10 to greater HLF-CC impacts than clearing in the future. Thus conservation action that delays (even if it does not ultimately 11 prevent) loss of native vegetation in these ecoregions may benefit biodiversity because loss at a later date is less likely to be 12 accompanied by HLF-CC impacts. In contrast, climate change is expected to increase the probability of HLF-CC impacts in 13 Low risk ! At-risk ecoregions, indicating alternative priorities in these ecoregions. The first is monitoring climatic changes 14 and re-assessing risk as new data become available. Where climate change increases risk as expected, prevention of loss and 15 restoration will become more urgent priorities. Second, significant restoration efforts in highly degraded Low risk ! At-risk 16 ecoregions before climatic changes make HLF-CC impacts more likely may spare local biodiversity from the interaction 17 between the two drivers.
18
The ecoregion transition states may also serve as an additional resource to assess the efficacy of different conservation 19 interventions as tools to deal with HLF-CC impacts (Figs. 4, 5) . Ecoregions where the likelihood of HLF-CC impacts is expected 20 to change most dramatically may offer a unique opportunity for observing and monitoring changes as they occur (Figs. S9   21 and S10). These ecoregions are also potential laboratories for adaptive management experiments that could provide insights into how best to deal with the challenges climate change poses for biodiversity in the 21st century (Pullin and Knight, 2009 ).
23
Several caveats should be acknowledged in this preliminary spatial assessment of the potential impacts from HLF-CC 24 interactions. First, impacts on individual species cannot be inferred from ecoregional vulnerability. The extent to which 25 individual species in the ecoregions identified here will be impacted by the synergy between habitat loss and climate change 26 will to some degree be mediated by species' ecological and biological traits (e.g., fecundity, population dynamics, behaviour, The magnitude of future climate change may thus fall outside the range used to establish the HLF-CC impact relationship in 4 many regions.
5
Despite these challenges, using an empirical evidence base to assess ecoregion vulnerability to HLF-CC impacts 6 represents an important, data-driven advance in understanding the potential risks posed by both climate change and HLF.
7
By accounting for the non-linearity in system responses to these two stressors, we are able to identify areas where the Fig. 4 . Forecasted change in ecoregion vulnerability to habitat loss and fragmentation-climate change (HLF-CC) interaction impacts. Transition states were defined based on the ecoregion's current and forecasted future vulnerability to HLF-CC impacts. We followed IPCC thresholds for what is 'likely' (defined as >66% probability): if the probability of HLF-CC impacts in the time period was <66% the ecoregion was classified as 'low-risk' and if HLF-CC impacts were >66% the ecoregion was classified as 'At-risk'. Likelihood of HLF-CC impacts was independently evaluated in each time period and then combined to develop the transition state. For example, a transition state of 'At-risk ! At-risk' means that the probability of HLF-CC impacts is currently >66% and is expected to stay >66% in the future time period. biodiversity benefit of prevented loss or restoration of native vegetation are more likely to be magnified by the simultaneous 1 avoidance of the interaction with climate change. This is important for both efficiently prioritizing actions (Joseph et al., We reclassified each ecoregion to match one of the seven broad vegetation types (forest, rainforest, savanna, shrubland, to climate change and HLF, we excluded all of these ecoregions (n = 109) from our analysis. We also followed Iwamura Ice' and 'Lake' ecoregions (n = 2), leaving 650 ecoregions for analysis (Fig. S1 ). types, with all other cover types defined as 'intact'. We calculated both the total area and modified area of each ecoregion 14 to determine the proportion of native vegetation lost in each (E modified ). We used the global median for ecoregional loss of 15 native vegetation (E modified = 28.4%) to categorize ecoregions as either highly degraded (E modified > 28.4%) or relatively 16 intact (E modified < 28.4%). 
Vegetation assessment within ecoregions
Analysis
24
We evaluated the probability of observing a negative HLF-CC impact on biodiversity by applying vegetation type- 
31
We first evaluated current levels of risk based on current conditions (T max , P min , E modified ) and observed climate change 
36
Temporal change in ecoregion vulnerability was assessed by defining transition states with respect to the current 37 likelihood of HLF-CC impacts and likelihood in a future period (2055 or 2090). We simplified the categories used above 38 and classified an ecoregion as ''At-risk'' in the time period if the probability of HLF-CC impacts was >66%, and ''Low-risk'' 39 if the probability was <66%. Classification from the two time periods was combined to develop the vulnerability trajectory 40 for each ecoregion, referred to as its transition state. For example, a transition state of 'At-risk ! At-risk' means that the 41 probability of HLF-CC impacts is currently >66% and is expected to stay >66% in the future time period. Four transition states Watson, J.E.M., Iwamura, T., Butt, N., 2013. Mapping vulnerability and conservation adaptation strategies under climate change. Nat. Clim. Change 3 (11), 989-994.
